ABSTRACT. To gain information about the ontogeny of neonatal biliary physiology, we determined gallbladder bile composition, hepatic bile flow and composition, and the choleretic effects of taurocholate, taurodehydrocholate, secretin, and glucagon in anesthetized puppies of 0-3 (n = 13), 7-21 (n = 9), and 28-42 (n = 8) days of age, and in fed (n = 4) and fasted (n = 4) adult dogs. Although gallbladder bile volume was similar in all puppies, chloride concentration in gallbladder bile declined with age (54.2, 33.2, 22.6, 15.9, and 5.8 mEq/liter in these respective groups), and so did bicarbonate concentration (43.5, 26.1, 17.6, 11.4, and 5.7 mEq/liter). In contrast, the concentrations of sodium (175.4, 189.2, 224.5, 251.6, and 279.4 mEq/liter) and bile acids (77.8, 137.3, 206.2, 219.6, and 280.7 mEq/liter) increased. Spontaneous bile flow rate in 0-to 3-day-old puppies averaged 0.194 pl/min/g and increased to 0.365 pl/min/g in puppies of 28-42 days of age. The latter value was not significantly different from that in fed adult dogs (0.344 pl/min/g). '4C-erythritol bile-toplasma ratio in spontaneously secreted bile increased with age (1.05, 1.08, 1.26, 1.48, and 1.70), and chloride concentration decreased (96.8, 85.8, 79.2, 74.3, and 60.1 mEq/ liter). The choleretic activity of taurocholate (2 pmol/min/ kg) was the same in all puppies (7.8 pI/pmol) and adult animals (7.2 pl/pmol). Taurodehydrocholate (2 pmol/min/ kg) increased bile flow by a greater magnitude, yet its choleretic activity in the puppies (13.3 pI/pmol) was the same as that in adult dogs (12.7 pl/pmol). In all animals, total bile acid excretion accounted for 70-95s of the infused taurocholate or taurodehydrocholate. Secretin (1-20 CU/kg/h) and glucagon (1-20 pg/kg/h) produced a minimal, or no effect on bile flow in 0-to 3-day-old puppies. In puppies of 28-42 days of age, the choleretic effect of these hormones was 30-45% of that seen in adult animals. These findings suggest that gallbladder and ductular bile water reabsorption, canalicular secretion, and hormone choleresis are all deficient processes in the newborn puppy and develop during postnatal life. (Pediatr Res 20: 203-208,1986) Abbreviations TC, taurocholate TDHC, taurodehydrocholate B/P, bile-to-plasma ratio
Transition from fetal to extrauterine life is often associated with development of new or immature homeostatic mechanisms which are essential for the independent survival of the newly born organism. This is particularly true in the liver, for many of its functions in utero are canied out by the placenta and much of its blood is shunted via the ductus venosus, bypassing the sinusoidal circulation. Considerable evidence has, in fact, accumulated to indicate that a variety of biochemical functions of the hepatocyte are immature at birth, and develop during postnatal life (I). Clinical and experimental observations also suggest that bile formation, a major hepatic function, is immature at birth. Bile acid pool size (2-4), synthesis (4, 5) , hepatic uptake (6, 7) , and intestinal absorption (8) (9) (10) are all deficient in the newborn organism, and certain cholestatic syndromes strike more often neonates than adult subjects (I 1, 12). Furthermore, studies from our laboratory have demonstrated that the rate of bile flow is significantly reduced in the newborn puppy, and adult levels are not achieved before the 3-5th wk of postnatal life (13) .
However, hepatic bile formation involves multiple secretory processes, and present information about the mechanisms operative in the newborn liver is quite inadequate. Accordingly, to gain a deeper insight into the ontogeny of neonatal bile secretory physiology, we studied the secretion and composition of bile in puppies 0-42 days of age, and the role of bile acid and hormone cholereses during such a period of postnatal life. METHODS Animals and drugs. These studies were carried out in anesthetized, bile duct-cannulated mongrel puppies of 0-42 days of age (n = 30) and adult dogs (n = 8). The puppies (17 males and 13 females) were obtained from six litters and had free access to suckling during the period of study, although the 0-h-old puppies were removed from the mother within 15-180 min after delivery. The puppies from each litter were studied at different ages during the 6-wk period, namely: one puppy always at 0 h after birth; one to three at 1-3 days; one to two at 7 and/or 14 days; and one to two at 21, 28, and/or 42 days after. Experiments were appropriately scheduled so that litter sizes were kept approximately similar to each other during the 42-day period. The puppies' diet was not supplemented, even though by the 5-6th wk of age, they had begun to chew their mother's food. Experiments in adult dogs (six males and two females) were performed either after a 24-h fasting period (n = 4), or three h after being fed a standard meal (n = 4). Adult dogs had free access to water.
I4C-erythritol ( 100 mCi/mmol) was obtained from Amersham, Arlington Heights, IL; pentobarbital sodium from Abbott, King of Prussia, PA; ketamine from Park-Davis, Monis Plains, NJ; TC and TDHC from Calbiochem, La Jolla, CA; secretin from Kabi, Greenwich, CT; and glucagon from Sigma, St. Louis, MO.
Surgical procedure. In the puppies, anesthesia was induced with ketamine (25-50 mg/kg, intraperitoneal) and pentobarbital sodium (5-20 mg/kg, intraperitoneal) injections. Adult dogs were anesthetized with 40 mg/kg pentobarbital sodium, intravenous. In the puppies, the surgical preparation included cannulation of trachea, two jugular veins, one carotid artery, the common bile duct, and the urinary bladder, and ligation of the cystic duct. Adult dogs were intubated and two femoral veins, one femoral artery, and the common bile duct were cannulated, and the cystic duct and renal pedicles ligated. In all animals, the bile in the gallbladder was aspirated before ligation of the cystic duct. During surgery and throughout the experimental period, body temperature was monitored with a rectal probe and maintained at 37.3 + 0.2" C by means of heating pads placed under the animal and connected to a temperature controller device (Yellow Springs Instruments, Yellow Springs, OH).
Experimental procedure. Immediately after surgery, a 15-min bile collection period was canied out to obtain a bile and plasma sample for background purposes. An intravenous injection of I4C-erythritol (2-10 pCi) was then administered followed by a constant infusion (0.5-3 pCi/h). Spontaneously secreted bile was collected for a 60-min period, after which the choleretic effects of TC, TDHC, secretin, and glucagon were studied. The experiments were divided in three groups, according to the protocol used. In group I (puppies of 0-42 days of age, n = 19), we tested the effects of the three substances, namely TDHC, secretin, and glucagon. TDHC was infused at 2 pmol/min/kg for 45-60 rnin (until steady-state choleresis was reached), whereas secretin and glucagon were infused at 10 CU/kg/h and 10 pglkglh, respectively, for 30-45 min. After the infusion or the bile acid of hormone was terminated, an equilibration period was canied out (45-60 rnin), after which a second test substance was infused. In 14 puppies of group I, only two substances (TDHC and a hormone, or two hormones) were tested in each dog, and the experimental period was limited to 3-4 h. In five puppies (2, 7, 14, 21, and 42 days of age) spontaneous bile flow rate declined minimally during the 3-to 4-h experimental period, and a third substance was also infused. Since bile flow rate is a critical indicator of hepatic function, and of general condition of health, we reasoned that a prolonged experimental period was warranted in these animals. In group I1 (four puppies of 0-3 days of age, four of 7-2 1, and three of 28-42), we tested the effects of TC and secretin. TC was infused at 0.5, 1.0, and 2.0 pmol/min/kg during three consecutive 60-min periods, whereas secretin was infused at 10 CU/kg/h for 30-45, as above. These experiments were carried out with a different protocol since one of our initial objectives was to quantitate bile acid dependent and independent bile flow in the developing puppy, as previously described (13) . The results obtained from these studies are reported here because some of the data (secretin choleresis) were not included in our previous article, and some (spontaneous bile secretion and TC choleresis) allow a useful comparison with the findings obtained from group I experiments. In group 111 (four fed and four fasted adult dogs), we studied the effects of TC (2 pmol/min/kg for 45-60 rnin), TDHC (2 pmol/min/kg for 45-60 rnin), secretin (10 CU/kg/h for 30-45 rnin), and glucagon (10 pg/kg/h for 30-45 min). Three substances were invariably tested in each adult dog.
In selective experiments of group I and 111 both hormones were infused also at lower and higher rates (see "Results"). In all animals, the order of infusion of TC, TDHC, secretin, and glucagon was randomly chosen. Bile was collected in preweighed vials kept on ice over 15-min intervals. Arterial blood was withdrawn during the first 60-min bile collection period (1-2 ml) to determine plasma electrolyte levels, and every 15 min thereafter (100 pl) for radioactivity measurement. At the end of the experiment, the animal was sacrificed with an overdose of pentobarbital, the liver removed, and its weight determined. Analyses. Gallbladder bile. The results are reported in Figure 1 and Table   1 . Although gallbladder bile volume varied from puppy to puppy, no consistent pattern of volume changes as a function of age could be observed. When expressed per unit of body weight, the volumes in puppies 0-42 days of age were significantly lower than those in fasted adult dogs, but virtually the same as the volumes seen in fed animals. Conversely, the concentrations of *Significant differences ( p < 0.05-0.001) were established the one-way analysis of variance: "compared to 0-to 3-day-old puppies; compared to 7-to 21-day-old -puppies; compared to 28-to 42-day-old puppies; * compared to fed adult dogs. *Values were obtained during the first 60-min bile collection period which followed cannulation of the common bile duct. I4C refers to I4C-erythritol. H20 reabsorption was calculated as: 14C-erythritol biliary clearance-bile flow.
"" Significant differences ( p < 0.05-0.001) were established by the one-way analysis of variance (see legend to Table 1 for details).
electrolytes in gallbladder bile all changed as a function of age. The most striking changes involved sodium, chloride, bicarbonate, and bile acids. Bicarbonate and chloride concentrations declined with age, whereas sodium, potassium, calcium and bile acid concentrations increased. Bile acid content also increased with age, and so did bile osmolality.
Spontaneous bileflow and composition. The results are summarized in Table 2 . As previously reported (13), the rate of spontaneous bile flow (first four 15-min collections which followed cannulation of the common bile duct) in the puppies increased as a function of age. In puppies of 28-42 days of age, bile flow rate averaged 0.365 pl/min/g liver, a value similar to that in fed adult dogs (0.344 pl/min/g), but significantly higher than that in fasted animals (0.248 pl/min/g). The excretion rate of endogenous bile acids also increased with age in the puppies. Unlike that in bile flow, however, the age-related increase in bile acid excretion was less pronounced, and the values observed in 28-to 42-day-old puppies were only 50-65% of those seen in adult dogs. Steady-state '4C-erythritol B/P also increased with age, and the differences in solute biliary clearance, which has been suggejted to estimate canalicular bile flow (1 5, 16), were even more accentuated than those in bile flow. When ductular water reabsorption was calculated ('4C-erythritol clearance-bile flow), an age-related increase was observed. In 0-to 3-day-old puppies, ductular bile water reabsorption was virtually absent. As in the gallbladder, the concentration of chloride in spontaneously secreted hepatic bile decreased with age, whereas.that of sodium increased. Bicarbonate levels were the same in puppies of 0-42 days of age, although the values seen in adult dogs were significantly higher than those observed in the puppies. Fig. 2 . Choleretic activity of TC and TDHC in puppies of different ages, and in fed and fasted adult dogs. In the puppies, TDHC was infused at 2 pmol/min/kg (group I experiments), whereas TC was infused at 0.5, I, and 2 pmol/min/kg (group 11). However, the data reported herein are those obtained during administration of 2 pmol/min/kg TC. Values shown were obtained at steady-state bile flow.
Bile acid choleresis. Infusion of T D H C at 2 pmol/min/kg produced a similar choleretic effect in all animals, regardless of their age. The biliary excretion of total bile acids during infusion of T D H C was also the same in the puppies and adult dogs and accounted for 70-9596 of the administered dose. The choleretic activity of T D H C averaged 13.3 pl/prnol of total bile acids excreted in puppies of 0-42 days of age, and 12.7 F1/pmol in adult dogs (Fig. 2) . As previously reported ( 13), T C also produced a similar effect in puppies of 0-42 days of age and adult dogs when infused at doses ranging from 0.5-2.0 ctmol/min/kg. At 2 ctmol/min/kg, however, the choleretic activity of TC was lower than that of TDHC, and averaged 7.8 pl/pmol in the puppies and 7.2 pl/pmol in adult dogs (Fig. 2) . As observed with TDHC, the biliary excretion of total bile acids during infusion of 2 pmol/ rnin/ctkg TC was the same in all animals, and accounted for 70-95% of the administered dose.
Hormone choleresis. The effects of secretin and glucagon on bile flow in puppies of different age and adult dogs are illustrated in Figures 3 and 4 . At I0 CU/kg/h and 10 ctg/kg/h, respectively, secretin and glucagon either failed to stimulate bile flow or produced a minimal choleretic effect when infused into 0-to 3-day-old puppies. As the animal's age increased, the choleretic effects of both hormones were more pronounced and, in puppies of 28-42 days of age, bile flow rate increased by an average of 0.172 and 0.104 pllminlg liver during secretin and glucagon administration, respectively. However, the increases in flow produced by 10 CU/kg/h secretin and 10 ct/kg/h glucagon in fed (0.4 17 and 0.243 ctl/rnin/g liver, respectively) and fasted (0.5 12 and 0.297 pl/min/g) adult dogs were from two to four times greater than those seen in puppies of 28-42 days of age. As shown in Figure 4 , similar age-related differences in the effects of both hormones were observed when the increase in bile flow was expressed as a percentage of the precholeretic (control) rate. With no surprise, bicarbonate concentration in bile remained essentially unchanged during glucagon choleresis, but increased significantly when bile flow was stimulated by secretin. The increase in biliary bicarbonate concentration produced by secretin was related to animal's age in a manner similar to that observed for the stimulation of bile flow (Fig. 4) . The age dependency of the choleretic effect of secretin and glucagon was not related to the doses employed. In two puppies of 0 and 1 day of age (group I), which were not responsive to the doses described above, no effect on bile flow was observed when 1 and 20 CU/kg/h secretin, and 1 and 20 pg/kg/h glucagon were infused. Conversely, in five puppies of 7-42 days of age (group I) and adult dogs (one fed and one fasted), the increase in bile flow produced 1 and 10 CU/kg/h secretin, and I and lOpg/kg/ h glucagon, was always proportional to the dose infused. Values were obtained by substracting the precholeretic (control) rate from the highest rate (steady-state) observed during hormone infusion. For the puppies, the glucagon data were all obtained from group I experiments, whereas the secretin data were obtained both from group I (1 1 puppies) and group I1 (nine puppies). See "Methods" for more details. 
DISCUSSION
In the present studies, we have shown age-related differences in 1) electrolyte concentrations in gallbladder and hepatic bile, 2) spontaneous hepatic bile secretion, and 3) hormone-induced choleresis in puppies of 0-42 days of age. In gallbladder bile, the concentrations of bicarbonate and chloride declined with age, whereas those of sodium, potassium, calcium, and bile acids increased. The rate of spontaneous bile flow also increased as a function of puppies' age, as did 14C-erythritol B/P and the biliary concentration of sodium. As in the gallbladder, chloride concentration in hepatic bile decreased with age, although the concentration of bicarbonate remained virtually unchanged. Finally, while administration of TC and TDHC resulted in a similar choleretic effect in all puppies and adult dogs, infusion of secretin and glucagon at doses producing extensive choleresis in adult animals, resulted in no or minimal stimulation of bile flow in Oto 3-day-old puppies. The ability of both hormones to induce bile flow increased with puppies' age, and by the 4-6th wk of postnatal life, their choleretic effect was 30-45% of that observed in adult dogs. These findings, together with those previously reported (1 3), suggest that, in the dog, both secretory and reabsorptive processes of the biliary system are immature at birth, and develop during postnatal life.
Gallbladder bile. The composition of gallbladder bile is determined by the composition of hepatic bile, gallbladder retention time, and the rate of gallbladder water and solute reabsorption and/or secretion. The age-related increase in gallbladder bile acid concentration and content observed in these studies is most likely secondary to the age-related increase in the biliary excretion of endogenous bile acids which, in turn, reflects the postnatal expansion of bile acid pool size (2-4). However, the age-related changes in gallbladder electrolyte concentrations cannot be accounted for by the changes in electrolyte concentrations in hepatic bile, since the latter were very small and involved only the concentrations of sodium and chloride. Thus, differences in retention time and/or in reabsorptive-secretory activity of the gallbladder must primarily underlie those in electrolyte concentrations. Since eating habits and hormone milieu change during postnatal life, it is conceivable that gallbladder emptying time varied as well in our puppies of different age. However, the present results support the conclusion that age-related differences in gallbladder reabsorptive and/or secretory activities are primarily, if not exclusively, responsible for those in electrolyte concentrations. First, gallbladder bile in fed adult dogs, in which the retention time was clearly shorter than that in fasted animals, was more diluted, but the electrolyte concentrations were signif-20'1 icantly different from those seen in 0-to 3-and 7-to 2 1-day-old puppies. Second, gallbladder bile volume was virtually the same in all puppies, regardless of their age. Were a discrete age-related change in retention time to occur, gallbladder bile volume should have changed with age as well. Finally and more importantly, in puppies of 0-3 days of age bicarbonate concentrations in gallbladder bile were much higher than those in hepatic bile. Such a concentration gradient cannot be explained by postulating agerelated differences in retention time, but only in gallbladder reabsorptive and/or secretory activities. Gallbladder water reabsorption has convincingly been demonstrated to be secondary to a sodium-coupled chloride transport (I 7). Moreover, since bicarbonate enhances the water reabsorption rate (18), a parallel counter-transport of sodium-hydrogen and chloride-bicarbonate has been proposed ( 18, 19) . Accordingly, the age-related decrease in chloride and bicarbonate concentrations observed in these studies may reflect a postnatal development of such a transport mechanism. On the other hand, gallbladder mucosa can secrete water and electrolytes into the lumen, and hormones like secretin and vasoactive intestinal peptide not only can inhibit the reabsorption, they can reverse it into a net secretion (20) (21) (22) (23) . Since in the early stages of extrauterine life plasma concentrations of secretin and other hormones may exceed adult levels (24) (25) (26) , the high concentrations of bicarbonate and chloride in the puppies' gallbladder bile could be due to a hormone-induced inhibition of reabsorption or hormone-induced stimulation of anion secretion. The present results do not allow a rigorous distinction among these mechanisms. However, since bicarbonate concentrations in the gallbladder bile of 0-to 3-day-old puppies were twice as high as those in plasma and hepatic bile, a neonatal inversion of the sodium-hydrogen and chloride-bicarbonate counter-transport mechanism, whatever the cause might be, appears to be a more appealing possibility.
Spontaneozls bilefi~rmation.
We have previously demonstrated that, in the puppy, spontaneous bile flow and '4C-erythritol B/P and biliary clearance increase as a function of age (13) . We suggested that bile acid independent and dependent bile flow and ductular bile water reabsorption are all deficient in the newborn dog and develop during postnatal life. The results reported herein, which include data from some of the previous experiments (13) and from 19 new puppies and four fed adult dogs, are fully consistent with those already published. However, since I4C-erythritol biliary clearance may not accurately measure canalicular bile flow (27, 28) , these conclusions must be made with considerable caution. Indeed, it is quite likely that, as in other species (29, 30) , '4C-erythritol permeates the biliary ductules/ducts in the dog as well, and the permeability of these distal structures to such a solute may be greater in the newborn puppy than in the adult animal. Nevertheless, chloride concentration in spontaneously secreted bile declined with age, and an inverse relationship between 14C-erythritol B/P and biliary chloride concentration has been demonstrated in the dog (3 I), and construed to suggest a distal water reabsorption secondary to a sodiumcoupled chloride transport, as in the gallbladder. Thus, since these studies strongly suggest that gallbladder water reabsorption is deficient in the newborn dog, it is not inconceivable that a similar immaturity exists also at the level of the biliary epithelium.
Bile acid choleresis. Smallwood el a/. (3) first demonstrated
that the fetal dog liver, 1 wk before term, excretes exogenously administered bile acids with remarkable efficiency. We have previously shown that the biliary excretion and choleretic effect of TC in the newborn puppy are the same as those in the adult dog (13) . The results of the present studies now indicate that the newborn dog's liver handles an exogenous load of TDHC, a synthetic triketo derivative, as well as it handles that of TC, a physiological bile acid in this species. As observed during TC administration, in fact, the biliary excretion of total bile acids following infusion of TDHC accounted for 70-95% of the given dose in all animals, regardless of their age. Since bile acids were quantitated by the hydroxysteroid dehydrogenase procedure, such a finding indicates a quantitative reduction of TDHC to 3-hydroxy derivatives, thus supporting the conclusion that the metabolic events underlying TDHC metabolism are developed in the newborn dog's liver. In keeping with previous observations (32), the increase in bile flow produced by TDHC was, for similar rates of total bile acid excretion, greater than that induced by TC. The reason for this difference is not entirely clear, but the non-micelle forming property of TDHC may be an important determinant of its greater choleretic activity (32, 33) . Hormone choleresis. Although the ontogeny of hormone-mediated events has been studied extensively, the choleretic effects of secretin and glucagon have not been examined in fetuses or newborn organisms. The results of the present studies have demonstrated that both hormones produce a minimal, or no stimulation of bile flow in 0-to 3-day-old puppies, and that their ability to induce choleresis increases with animal's age. Since the present experiments, unlike those carried out in target tissues, were conducted in the intact animal, the precise mechanism for the age-related differences in the choleretic effects of both hormones remains to be established. In puppies of 0-4 days of age, plasma levels of glucagon are from three to four times higher than those in the adult dog (24) . Although secretin plasma levels have not been measured in newborn puppies, data from neonatal swines (26) and human infants (25) have demonstrated a similar age-related change. It is thus possible that spontaneous bile secretion in the newborn dog is maximally stimulated by the high plasma levels of secretin and glucagon, so that administration of exogenous doses of these hormones no longer results in a choleretic response. At least with respect to glucagon, however, plasma hormone levels in puppies of 12 days of age or older are similar to those in adult animals (24) , yet the choleresis produced in our puppies of 14-42 days of age was far lower than that seen in adult dogs. Thus, such a possibility can explain only in part the present results. Alternatively, the age-related differences in secretin and glucagon cholereses may reflect changes in sensitivity of the hepatic receptors for these hormones and/or in the postreceptor events. Although the mechanisms by which secretin and glucagon stimulate bile flow are not known, hormone binding to cell plasma membrane receptors and activation of the postreceptor complex clearly precede choleretic response. A neonatal immaturity of the hepatic glucagon receptor has been demonstrated in several species (34) (35) (36) , and the adenylate cyclase system, which is most likely involved in the cascade of events leading to hormone stimulation of bile flow, may develop during postnatal life (37, 38) . Therefore, the age-related increase in the choleretic response to secretin and glucagon administration observed in our puppies may reflect maturation of the hepatic receptors for these hormones and/or of the postreceptor events leading to stimulation of choleresis.
CONCLUSIONS
The present studies have demonstrated that in 0-to 42-dayold puppies the electrolyte concentrations in gallbladder bile and hepatic bile, spontaneous bile flow, and the choleretic response to secretin and glucagon administration change as a function of age. These findings are construed to suggest that gallbladder and ductular bile water reabsorption, canalicular secretion, and hormone-induced choleresis are all deficient in the newborn dog and develop during postnatal life. The revelance of these findings to bile secretory physiology in the newborn infant is not known. However, bile secretion and its control in the dog are not too different from those in the human being, and several lines of evidence suggest that bile secretory function is immature in the newborn baby (4, 5, 7) . Thus, the results from these animal experiments may be important in neonatology, particularly in the clinical management of physiological cholestasis, and of 208 TAVOLONI cholestatic liver disease associated with parenteral feeding that strikes a large number of newborn infants.
